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= kPACS 2
where
= concentration difference across the
stratum corneum
2 stratum corneum thickness.
Des = diffusion constant for the particular
solute in the stratum corneum.
Equation (1) is an expanded form of Fick's
law which describes reasonably well the per-
meability of the skin to non-electrolytes.
4. These conclusions taken together with other
results show that diffusion through the stra-
tum corneum occurs with considerable diffi-
culty even for small, soluble molecules (1).
Steady state penetration through the stra-
tum corneum is not primarily intercellular
or intraappendageal. The hydrated stratum
corneum seems best described as a dense,
"semi-solid" phase into which small-molec-
ular weight non-electrolytes dissolve with
strong chemical interaction and through
which diffusion occurs remarkably slowly.
5. In the application of equation 1 only the
thickness, diffusivity and partition coeffi-
cient appropriate to the solute-solvent-mem-
brane system have been considered. This
simphfied picture is essentially correct, but
applies only to steody stoic permeability.
Before steady state diffusion is established
(for) small molecules ordinarily within the
first hour after the application of an aqueous
solution) small but possibly significant
amounts of material may diffuse more
rapidly through hair follicles and sweat
ducts. The reasons for this seemingly anomal-
ous behavior arise from the limited area of
the skin surface occupied by these append-
ages, their relatively large diffusiou con-
stants and the non-linear character of dif-
fusion prior to the steady state.
_______________________________________________
The detailed applications of these concepts
to steroid diffusion will be made below. We
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A reasonable understanding of the skin
permeability of relatively small, uncharged
molecules can be had from an analysis of cur-
rently available data (1—3). Steroid molecules
are, however, significantly different chemically
from most substances previously tested in our
laboratories. Their substantially larger molecu-
lar volume and, when present, their polyfunc-
tional character have a profound influence on
their permeability through skin. The principal
ways in which the chemical structure of the
steroids might alter and influence their per-
meability can be predicted fairly well by a
logical extension of present concepts appro-
priate to smaller nonelcctrolytes. It is useful,
therefore, to outline these briefly below:
1. The stratum corneum, approximately uniform
throughout as a diffusion medium, is the
skin's principal rate limiting barrier.
2. Diffusion constants through hydrated stratum
corneum for many low molecular weight or-
ganic compounds (G1—C5) are approximately
the same, i.e., D = 10° cm2 sec'.
a. The diffusion constant for a molecule
decreases as more polar groups, particu-
larly hydroxyl groups, are introduced.
b. The activation energy for the diffusion
of polar molecules is higher than for
their less polar analogues and increases
markedly as additional polar groups are
added.
3. Within a given molecular series (of constant
or nearly constant diffusivity D) the ob-
served steady state flux J and permeability
constant ice are directly proportional to the
relative solubility of the substance in the
skin as expressed by the membrane: solvent
partition coefficient, Km , i.e.,
note in passing that steroid molecules possess
considerably larger molecular volumes and
usually several polar groups and we would ex-
pect considerably lower diffusion rates.
METHODS
Most of the experimental procedures have been
described in earlier publications (1—3). Epidermal
membranes obtained at autopsy were used for
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taming no tissue were used to correct for any
adsorption on the glass; this occurred with the
less polar steroids. Partition coefficients were de-
termined from the loss in concentration of the
solution as described previously (1).
Partition coefficients with amyl caproate and
hexadecane were obtained after thorough shak-
ing of 10 ml of the organic solvent with 10 ml of
HO containing tagged steroid.
RESULTS
Fie. 1. Miniature pyrcx test tube containing 5
mg stratum corneum tissue and 100 jzl of an aque-
ous, radioactive, steroid solution.
the diffusion experiments. Diffusion chambers
were similar to those described previously except
that the donor volume was reduced to 2.5 ml.
Temperature was maintained at 26.0° C. Ap-
proximately 100 c of radioactive steroid was
dissolved in 2.5 ml of H,O in each donor. Pene-
tration rates and water solubilities of the ster-
oids are low. Therefore high specific activities
were required, i.e., in the range 1—33 curies per
millimole. Individual fluxes are given in Table
II. Aqueous penicillin-strcptomycin solution was
placed in the receptors to retard bacterial de-
composition over extended periods. Aliquots of
the receptors (10 l) were taken at regular in-
tervals and were counted using a Packard Scin-
tillation Spectrometer. Scintillation fluid was pre-
pared by adding 42 ml of Liquifluor to 1 liter of
80% toluene-20% methanol solution. Permeabil-
ity constants were computed from the steady
state flux, J,, and concentration differences,
as described previously (1).
Stratum corneum from cantharidin blisters
was used for determining water-membrane par-
tition coefficients. Approximately 5 mg of tissue
was equilibrated with each 100 e1 of aqueous
radioactive steroid solution in a 200 cl pyrex
test tube (Fig. 1). Four or more determinations
were made on each steroid. Control tubes con-
Permeability of the steroids. The average
measnred permeability constants of 14 com-
mon steroids are listed in Table I. These data
were computed from the steady state portions
of the flux-time curves as described. Figure 2
shows a typical plot for three different steroids
of widely different permeability. The figure
illustrates an important experimental difficulty
when measuring, concurrently, the permeabil-
ity of both rapidly and slowly diffusing mole-
cules, i.e. the very large range in the lag
times. The steady state permeability for the
more rapidly diffusing molecule is fully de-
veloped while the slower moving molecules
have not yet diffused in measurable amounts.
This is illustrated in Figure 2 in comparing
testosterone (r = 2 hours) with cortisone (r =
220 hours). Lag times (r) were extrapolated
from the steady state portions of these "pene-
tration curves." For a simple, ideal membrane,
the lag time is related to the diffusion constant
according to r &/fi D. Further conse-
quences of low diffusivity and long lag times
are discussed below. The concentration gradi-
ents used in the experiments were extremely
small as the aqueous donor solutions were not
saturated with steroid. The observed fluxes
listed in column two, Table II, therefore do
not represent maximum obtainable fluxes from
water solutions of the steroids. Since Pick's
law is obeyed at the very dilute concentrations
characteristic of saturated aqueous solutions
of steroids, maximum obtainable fluxes may
be computed. These are listed in column 3
Table II.
The steroids were chosen to span as wide a
range in polarity as possible within restricted
limits of molecular weight. Molecular weight
(MW) per se, can have no measurable effect
on the differences in the permeability within
this group of steroids, as only a 25% dif-
ference in MW exists between estrone (MW =
270.3) and hydrocortisone (360.4). Neverthe-
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TABLE I
Permeability constants and partition coefficients for the steroids
STEROID C5 k D Km K Khex
Progesterone 2.0 1500 160 l01 56 17.0
Pregnenolone 5.1 1500 220 50 52
Hydroxypregnenolone 2.9 600 155 L9 1.6
Hydroxyprogesterone 10.0 600 166 Io 2.5
Cortexone 2.L L50 135 37 30 3.0
Testosterone 10 0O 195 23 16 2.6
Cortexolone 10 75 36.1 23 11.2 0.1
Corticosterone 1.7 60 39.2 17 6.8 0.02L
Cortisone 0.97 10 13.1 8.5 1.52 0.28
Hydrocortisone 1.8 3 .8 7 1.30 0.009
Aldostërone 0.7b 3 L..9 6.8
Estrone 2.5 3600 870 6 80 3.0
Estradiol 2.5 300 72.b L6 66 0,63
Estriol 7.0 L0 19.3 23 i.6L 0.23
= Initial donor concentration in moles/cc x l0
= Permeability constant in cm hix 106
(e.g. estrone = 3600 cm hr x 1o6)
P = Diffusion constant in cm sec x io
Stratum corneuni/water partition coefficient
K = Amyl caproate/water partition coefficient
Khex= Hexadecane/water partiticn coefficient
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k T 0,
testosterone 400 38 95
corticosterone 80 184 30
cortisone ic 570 3
—4------T U
0 100 200 300 400 500
HOURS
Fxo. 2. Time lag in steroid diffusion. Time lags
increase as diffusion constants decrease, see Tabu-
lar inset.
less there is approximately a 1000 fold differ-
ence in permeability between these two com-
pounds. The origin of this difference in /c9 must
be apportioned between the solubility of the
steroids within the membrane, i.e. Km, and
their diffusivity through it, i.e. Dm according to
the relation k = D,n Km/A..
Solubility in the strotum eorneum—Km.
Only a small part of the highly selective per-
meability of the steroids can be attributed to
their solubility in the stratum corneum. As
shown in Table I the membrane-water parti-
tion coefficient K,0 changes only 15 fold
through the group of steroids in comparison to
the approximately 100 fold change in /c. It is
quite apparent from these data that the more
polar molecules are not rigorously excluded
from the membrane but rather much more
firmly bound within it. This latter conclusion
follows from the decrease in the diffusion
coefficient, Dm, which accompanies the inclu-
sion of additional polar groups (see below).
Consequently, the lesser permeability of the
polar steroids does not arise from a limited
solubility within the membrane but from their
decreased mobility due to stronger chemical
binding.
Partition coefficients for the steroids between
an ester, amyl eaproate (COSH2503), and water
and between an alkane, hexadecane (CH3
(CHO)SOCHO), and water were also measured.
Comparison of these data shows that the
stratum eorneum is much more similar in its
solvating properties to partially polar amyl
eaproate than to non-polar hexadeeane. This
is true even for the more non-polar steroids,
estrone, pregnenolone and progestrone. It is
evident that the solubility of the steroids is
increased appreciably when the solvent pos-
sesses both polar and non-polar character. Ap-
parently, both the lipid and the relatively
polar protein components of the stratum cor-
neum aid in solvating these molecules. The
term "lipophilie" has often been used to de-
scribe the affinity of the stratum corneum for
oil-soluble organic molecules. It is clear from
our data that this solubility is not entirely
owing to the aliphatic and aromatic sub-
stituants of the membrane, but is aided ma-
terially by polar interactions as well. For ex-
ample, alcohol vapors are much more soluble
than their corresponding alkane analogues when
compared at equal vapor pressures (4).
Diffusion constonts of the steroids—Dm. The
principal determining factor which decreases
the permeability of the steroids over that of
smaller molecules is the decrease in the dif-
fusion constant Dm . Since the molecular volume
of the steroids is approximately 3—4 times that
of an average small molecule (C0) we can ex-
pect a decrease in D,,, from this factor alone.
This arises from the increased degree of
chemical interaction between the larger steroid
molecule and the lipid-protein-H50 matrix
within the stratum corneum membrane. Table
I shows, even for those steroids that have
permeability constants greater than 10_s cm
hr1, that the diffusion constant is at least
an order of magnitude less than the 10° cm°
sec° value characteristic of smaller molecules.
Introducing additional polar groups into the
molecule lowers the diffusion constant still
further. Figures 3A and 3B indicate the pro-
gressive decrease in the permeability constant
as the steroid becomes increasingly more polar
going from progesterone to cortisol. Corre-
sponding diffusion constants are listed in Ta-
ble I. These were computed from equation 1
using 40,u for the thickness of the hydrated
stratum corneum. Other changes produced by
hydration per se have been shown to be rela-
tively minor and are discussed elsewhere (1,
5). Introducing successive hydroxyl groups into
the molecule starting with progesterone (0),
then to cortexone (1), cortexolone (2) and
finally cortisol (3) leads to a cumulative de-
crease in both the diffusion and permeability
(0
I.-Lj
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0
q
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TABLE II
Steroid fluxes
The second and third columns are the observed (Jexp) and the maximum obtainable fluxes (J.max)
with aqueous steroid solutions. In the last column are calculated values from in vivo penetration meas-
urements where aqueous solutions were not used.
STEROID J (exp) J5 (max) J5 (in vivo)
Progesterone 30 13O
Pregnenolone 1.3 810
Rydroxypregnenolone 17
Rydroxyprogesterone 60 171
Cortexone 10.9 130
Testosterone 140 3149 1O
Cortexolone 7. [1433]
Corticosterone 1.014 287
Cortisone 0.097 6
Hydrocortisone 0.0 23 7.0 — 20.0
Aldosterone 0.022 [7
Estrone 173
Estradiol 13.2
Estriol
-
—1
-13(exp) = Flux observed experimentally moles cm hr x 10
J5 (max) = Predicted flux for saturated aqueous steroid solutions.
(in vivo) = Values obtained from the literature, ref. 6.
= indicates estimates of solubility used for calculation.
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DISCUSSION
PEITY tween K, and Ic,, within this group of steroids
(kpCmhr1 x tO) nor any reason to expect one. None the less,
there does exist the possibility of a useful
3600 empirical correlation between the solubility of
a steroid in a particular solvent and its per-
meability. Table I shows that one may expect
a steroid with an amyl caproate-water distri-
300 bution coefficient from 20—50 to have a
permeability from 400—1000 x 1O cm hr'.
We may broadly group the rest of the steroids
as follows:
1—2 1- 10
2—10 10—70
10—20 70—400
20—50 400—1000
A similar tabulation could be made for
Khex and for K, but the latter values cannot
be obtained as accurately and hexadecane does
not appear to serve well as an approximation
for the solvating property of hydrated stratum
corneum
Penetration mechanism of the steroids. With
molecules much smaller than steroids it is clear
from ample evidence that the main route of
steady state penetration is through the stratum
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C=O
PROGESTERONE
PERMEABILITY
CONSTANT B(kpCflhr' ,10')
i500
CH,,OH
CORTEXOLONE
600
0*
CH2OH
c=O
PERMEABI LIT?
CONSTANTkp ch' l0)
75
CORTEXONE
0 OH
450 CORTISONE 10
75
CORTISOL 3
FIG. 3
Foes. 3—4. Permeability constants of an homologous group of steroids. The molecules are
made increasingly more polar by the introduction of carbonyl and hydroxyl groups.
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K,,,, k,, X 10—6 cm hr'
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40
constants. Figure 4 illustrates the same phe-
nomenon for the steroids containing an aro-
matic A-ring. Because of this change in D,,,
within f lie series of steroids one cannot expect
a proportionality between permeability constant
and partition coefficient. Reference to Table I
shows that there is no systematic relationship
between the Ic,, and K,,. values.
Prediction of steroid permeability. As stated
above there is no direct proportionality be-
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corneum per se rather than via appendages or
intercellular regions. The smaller the diffusion
constant becomes, and as we have seen, it is
from 2 to 2.5 orders of magnitude lower for
steroids than the nominal value of 10° cm2
scc' characteristic of smaller molecules, the
more important the role of the appendages
or intercellular regions may become. This is
likely to occur because while the diffusion
constant for the stcroid-kcratin diffusion proc-
ess is reduced, the number of shunts, their
area and pcssibly their effectiveness is not
similarly reduced. As shown in previous work
the ratio of the amount of material diffusing
through appendages, i.e. hair follicles and
sweat ducts, to that diffusing through the
keratin matrix increases as the diffusion con-
stant corresponding to the latter is reduced
(2). Thus shunt diffusion may become domi-
nant and cantrol percutaneous absarption not
only in the transient period but during steady
state as well.
Our data do suggest that this may be true
for the more polar steroids, particularly corti—
sane, cortisol and hydracortisone. The effect of
a large shunt component on the total per-
meability is illustrated schematically in Figure
5. Jo the figure, the curve labeled "rn" repre-
sents the theoretical steroid flux through the
intact membrane in the absence of shunts.
The dotted line "a" represents the shunt com-
ponent and the uppermost curve "rn & a"
represents the combined fluxes. This latter
curve is similar to several we have obtained
with cortisol and cortisone. It is seen that if
the shunt component is comparable in size to
the bulk component, the measured permeabil-
ity canstant will be slightly too large but still
meaningful. (This is measured from the slope
of the linear steady state portion of the curve.)
The lag time will be more significantly re-
duced. But the major change in the flux is seen
to be the enormously larger concentrations
present in the early phases of the diffusion
process. In summary, the shunt pathways have
much smaller lag periods, and their presence
is evidenced by large concentrations of sub-
stance present far earlier than is possible if
shunts do not exist.
Clinical implications. A. "Reservoir effect."
From the partition coefficients listed in Table I
the amount of steroid capable of being sorbed
by the stratum corneum can be calculated. The
so-called "reservoir" capacity of the membrane
can thus be estimated from the concentration
applied (7). Applying, e.g., a saturated aqueous
solution (0.28 mg/cc) of hydrocortisone to
100 cm2 of skin surface results in 0.09 mg of
steroid dissolved in the stratum corneum. Ap-
plying a much more concentrated steroid from
an organic solvent may increase the amount
of steroid present in the tissue. The quantity
eventually sorbed at equilibrium will of course
depend on the partition coefficient with the
organic solvent. The release of this dissolved
material to the viable layers is a diffusion
process which is very slow for the steroids.
Under an occlusive wrap the rate of dif-
fusion is increased due probably to two fac-
tors: 1—the tissue is more extensively hy-
drated and 2—the local temperature of the
skin is increased.
B. Concentration levels produced in the
epidermis. In previous work it was shown that
a principal effect of the relatively impermeable
stratum corneum is the large concentration
drop produced across its surface (2). With the
steroids the concentration at the base of the
stratum corneum may be as little as 102 of
the concentration at the surface. It is im-
portant to recognize that the amounts and
concentrations of steroid required to produce
different phsyiological effects may be very
different. For example, far more steroid is
required to produce adronocortical suppression
(10—20 mg triamcinolone acctonide) than is
required to produce dcrmal vasaconstriction
(8). It appears unlikely unless one uses total
body occlusion (9), that normal skin is suffi-
m Unbroken membrane /
- a Shunts: follicles,
-
ducts and 'holes" //
mts
'at
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'at
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Fm. 5. A graphical analysis of the penetration
curve (flux vs. time) for a very polar steroid, e.g.,
hydrocortisone. See text for discussion.
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ciently permeable to release from topical ap-
plication the mg quantities of steroid required
to produce or sustain adrenocortical suppres-
sion. In the absence of the stratum corneum
or in the case of a diseased stratum corneum
the situation changes completely and the ef-
ficacy of topical therapy has been well demon-
strated (7).
C. Diffusion pathways. As described above
our data implicate diffusion shuuts as being
very important to the diffusion of the more
polar steroids. Recently, Feldman and Mai-
bach have measured the penetration of corti-
sol in vivo applying it to the skin in acetone
and allowing evaporation to dryness (6). Their
maximum flux was ordinarily achieved within
24 hours, thus suggesting appendageal or some
other shunt diffusion process with a relatively
short lag time. Fluxes calculated from their
data are listed in Table II, column 3. These
are comparable to the maximum fluxes from
aqueous solutions observable in vitro (Table
II, column 2). It is quite possible that sweat
duets are even more effective as diffusion
shunts in vivo. It is possible that the lumens
of sweat ducts which might ordinarily serve as
passive diffusion shunts are deformed and
swollen shut in our in vitro experiments.
In any event the presence of active shunts
will permit the rapid accumulation of relatively
high concentration levels locally. The tech-
nique of dermal vasoconstriction as an ex-
tremely sensitive physiologic marker for the
presence of minute amounts of corticoids is
probably an application of this effect.
Non-polar steroids penetrate more rapidly
than polar steroids in vitro and this ap-
pears entirely consistent with the pattern ob-
served in clinical experiments and also the
work of McKenzie (10) Malkinson (11) and
Coldzieher and Baker (12).
sUMMaaY
1. The permeability constant for 14 steroids
from aqueous solutions of steroids through
hydrated stratum eorneum varies over 3 orders
of magnitude from approximately 3600 — 3.0 x10 cm hr' for estrone and hydrocortisone
respectively.
2. Low steroid permeabilities arise primarily
from their intrinsically small diffusion constants
within the stratum corneum and not from a
lack of solubility within it.
3. Membrane diffusion constants for the
steroids are at least an order of magnitude
lower than for smaller neutral molecules (C1—
C8). These diffusion constants decrease in a
regular manner as polar groups are introduced
into the steroid molecule successively.
4. Percutaneous absorption of the steroids
and probably other large molecules appears to
occur via appendages as well as through the
unbroken stratum corneum. The importance of
appendages or other diffusion shunts for a
specific steroid depends upon the magnitude of
the membrane diffusion constant. These are
so low for the polar steroids as to increase the
likelihood of steady state penetration through
sweat ducts, follicles or other shunt pathways.
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